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Abstract 

Background: In 2008, an outbreal< of ovine footrot occurred in Norway. Dichelobacter nodosus isolates collected 
between 2008 and 201 1 have been characterised. Isolates defined as virulent by the gelatin gel test (GG-test) were 
only found in sheep in Rogaland County, where the severe cases of footrot were registered. The majority (96%) of 
the virulent isolates belonged to serogroup A. It is suspected that they represent a newly introduced strain, and the 
aim of the present study was to investigate whether they are genetically similar. Sixty-one virulent isolates from 
sheep and 116 benign isolates from sheep, cattle and goats were included. Four GG-test virulent isolates from 
Danish sheep were also included. All isolates were genotyped by pulsed-field gel electrophoresis (PFGE) and by 
PGR for pgr variant determination. 

Results: The Norwegian virulent isolates were assigned to 8 pulsotypes (PTs), while the benign isolates were 
assigned to 66 PTs. Thirty-seven (68.5%) of the 54, virulent, serogroup A isolates belonged to the same PT, and 
included isolates from 2008 through 201 1. Isolates belonging to this PT were defined as the outbreak strain. The 
remaining virulent serogroup A isolates belonged to 4 PTs differing by <3 bands from the outbreak strain. Two 
virulent, Danish, serogroup A isolates differed by 2 bands from the Norwegian outbreak strain. All but 3 (95%) of 
the virulent isolates had the pgrA variant while 85% of the benign isolates had the pgrB variant. 

Conclusion: This study provides evidence that the footrot outbreak in Norway in 2008 most likely was caused by 
new introduction and local spread of one virulent D. nodosus strain. 
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Background 

In 2008, footrot was diagnosed in Norwegian sheep for 
the first time in 60 years [1]. The infection is caused by 
Dichelobacter nodosus [2], and clinical signs range from 
interdigital dermatitis to complete loosening of the hoof 
horn. The severity of lesions depends on the virulence of 
the infecting bacterial strain, climatic conditions and the 
breed of sheep [3]. 

Following the outbreak, D, nodosus isolates from sheep, 
cattle and goats collected between 2008 and 2011 from dif- 
ferent geographic locations in Norway were characterised 
with respect to virulence and serogroup [4]. Isolates that 
produced heat stable proteases, as shown by the gelatin gel 
test (GG-test) [5], were defined as virulent and were only 
found in sheep in the county of Rogaland where the most 
severe cases of footrot were registered. Interestingly, 96% 
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of these isolates belonged to serogroup A [4]. Isolates 
defined as benign showed greater serogroup diversity and 
were more spread geographically [4]. There was also an as- 
sociation between laboratory-defined virulence and clinical 
manifestations in sheep [6,7]. An ongoing programme to 
control and eradicate ovine footrot, caused by virulent 
D, nodosus, was initiated in Norway in 2009 [8]. 

It is believed that the Norwegian footrot outbreak was 
caused by introduction and local spread of a virulent 
D, nodosus strain belonging to serogroup A. To confirm 
this it was necessary to genotype the isolates. It is pos- 
sible that the infection was introduced through import 
of sheep. Import of live animals to Norway is restricted, 
but a few sheep imports were registered in the years prior 
to the outbreak in 2008, mainly from Denmark [9]. 

A few studies have used genotyping for molecular epi- 
demiological investigations of D. nodosus [10-13]. Pulsed 
field gel electrophoresis (PFGE) is discriminatory and 
reproducible, and has been used for typing D, nodosus 
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[10,13]. Typing based on the proline-glycine repeat (pgr) 
gene in D. nodosus was described by Calvo-Bado et al 
[14], who developed a PGR assay to discriminate be- 
tween the two pgr variants pgrA and pgrB, 

In this study, a collection of D, nodosus isolates were 
genotyped by PFGE and pgr typing to find out whether 
the GG-test virulent, serogroup A isolates are genetically 
similar. The aim was to confirm whether the footrot out- 
break in Norway was caused by local spread of one, sin- 
gle virulent D, nodosus strain. 

Methods 

Bacterial Isolates 

A total of 177 D, nodosus isolates from Norwegian 
sheep, cattle and goats were investigated (Table 1). The 
isolates were collected between 2008 and 2011, from 12 
of the 19 Norwegian counties and 131 different farms. 
One hundred and thirty-one of the isolates were from 
Rogaland County, where the most severe cases of footrot 
had occurred. 

One hundred and fifty-five of the isolates have been 
described previously [4] and were selected to represent 
all Norwegian farms from which D. nodosus had been 
cultured before the end of 2011. Twenty-eight of them 
were from 10 farms that had been sampled 2-3 times 
with 3-15 month intervals and where isolates from all 
sampling occasions were included. 

Twenty-two of the isolates were collected in a recent 
study of infectious foot diseases in Norwegian cattle [15,16]. 

All the isolates had been confirmed as D. nodosus and 
characterised with respect to virulence and serogroup as 
described previously [4] (Table 1). Isolates shown to pro- 
duce heat stable or heat labile proteases by the GG-test 
were defined as virulent and benign, respectively, regard- 
less of the clinical manifestations in the animals. 

The 61 virulent Norwegian isolates included in the 
study were all from sheep in Rogaland County. Fifty- 
four of them belonged to serogroup A. The 116 benign 
isolates were from sheep, cattle and goats and 12 differ- 
ent counties. 

Four isolates from 3 Danish sheep flocks were also in- 
cluded. These isolates were collected in 2009 [17] and 



had also been characterised as described previously [4]. 
All 4 isolates were virulent and belonged to serogroup A 
(n = 2) or E (n = 2). 

Pulsed-fleld gel electrophoresis 

All isolates were analysed by PFGE essentially as described 
by Buller et al [10], but with the following modifications: 
Isolates were cultured on 2% TAS (trypticase-arginine- 
serine) agar for 2-3 days, and suspended in 300 \A wash 
buffer [10]. The agarose plugs were washed 5 times in 
Tris-EDTA (TE) buffer. Prior to restriction, plugs were 
washed twice with 0.6 ml TE at 25°C for 20 min. DNA 
was restricted with 50 U of Apal ( Sigma- Aldrich, St Louis, 
MO) in a 100-(il volume containing restriction buffer and 
0.1 mg/ml Bovine serum albumin (BSA) (Sigma- Aldrich) 
for 3 h at 30°C. An additional 10 U Apal was added half- 
way through the incubation period. The reference strain 
ATCC® 27521 was prepared as described above and in- 
cluded on each gel. Lambda ladder (New England Biolabs, 
Ipswich, MA) was used as size standard. Restriction frag- 
ments were separated in a CHEF-DR® III electrophoresis 
system (Bio-Rad, Hercules, CA) at 6 V/cm, with a pulse 
time of 0.2 to 25 s for 24 h. 

Differentiation of banding patterns was performed 
using BioNumerics (version 6.1; Applied Maths, Kortrijk, 
Belgium) and visual inspection. PFGE bands larger than 
the smallest ladder fragment (48.5 kb) were included in 
the analysis. A unique banding pattern was defined as a 
pulsotype (PT). Pairwise similarity coefficients were cal- 
culated using the Dice formula, and the dendrogram was 
created using the unweighted pair group method with 
arithmetic averages. Optimisation and position tolerance 
settings were set at 1.5. 

PGR for pgr 

All isolates were tested for the presence of pgrA and pgrB 
by PGR as described by Calvo-Bado et al [14]. DNA was 
extracted from 48 h HEPES-TAS broth cultures using a 
nucliSENS® easyMAG™ extractor (bioMerieux, Boxtel, The 
Netherlands) following the manufacturers' instructions. 
Extracted DNA was stored at -20°C. 



Table 1 Dichelobacter nodosus Isolates from Norway included in the study, with respect to host species, virulence, 
number of farms and fimA variant (serogroup A-M) 





No. of isolates 


No. of farms 


A 


B 


C 


D 


E 


F 


G 


H 


1 


M 


Virulent isolates sheep 


61 


52' 


54 


1 


1 


0 


2 


0 


0 


2 


1 


0 


Benign isolates sheep 


79 


68' 


26 


13 


21 


0 


2 


0 


5 


8 


4 


0 


Benign isolates cattle 


34 


16 


11 


8 


3 


1 


4 


0 


2 


2 


1 


2 


Benign isolates goats 


3 


2 


1 


2 


0 


0 


0 


0 


0 


0 


0 


0 


Total 


177 


131"'^ 


92 


24 


25 


1 


8 


0 


7 


12 


6 


2 



^From 4 sheep flocks both virulent and benign isolates were included. 
'^From 3 farms isolates from both sheep and cattle were included. 
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For the PGR, HotStarTaq Master Mix (QIAGEN GmbH, 
Hilden, Germany) was used with 5 [iM of each primer. 
Amplification was performed on an MJ Research DNA 
Engine Dyad® (Bio-Rad) with an initial denaturation step 
of 95°C for 2 min followed by 31 cycles of 95°C for 1 min, 
60°C (pgrA) or 55°C (pgrB) for 1 min, 72°C for 2 min, and 
a final extension time of 72°C for 7 min. PGR products 
were analysed by electrophoresis in a 1% agarose gel 
stained with GelRed™ (Biotium, Hayward, GA). 

DNA from control strains of D. nodosus were kindly pro- 
vided by Dr. L.A. Galvo-Bado, Department of Biological 
Sciences, University of Warwick, Goventry, UK: VGS1703A 
as positive control for pgr A, and G305 as positive control 
for pgrB. 

Statistical analyses 

Descriptive statistics were performed using Microsoft 
Excel 2010 (Microsoft Gorporation, Redmond, WA). Fur- 
ther statistical analyses were performed using GraphPad 
Prism version 6.00 for Windows (GraphPad Software, La 
Jolla, GA). 

Fisher's exact test [18] was used to investigate whether 
there was a difference between isolates defined as benign 
versus isolates defined as virulent with respect to the 
proportions of isolates having the pgrA or pgrB gene. Re- 
sults were considered significant when p < 0.05. 

Results 

PFGE 

The 177 Norwegian D, nodosus isolates were divided into 
74 different pulsotypes (PTs), consisting of 5-11 bands. 
Between 1 and 40 isolates were assigned to each PT. The 
benign isolates were assigned to 66 PTs that clustered 
with >58% similarity and virulent isolates were assigned 
to 8 PTs that clustered with >72% similarity (Figure 1). 
Virulent and benign isolates belonged to different PTs. 

The 54 virulent, serogroup A isolates were divided into 
5 PTs (Table 2), and the majority (n = 37) belonged to 
PT 67. This PT included isolates collected from 2008 
through to 2011. The other virulent, serogroup A isolates 
belonged to 4 different PTs that differed by <3 bands from 
PT 67 (Table 2). Three of the 7 virulent, non-serogroup A 
isolates also belonged to PT 67, while the remaining 4 
isolates belonged to 4 PTs that differed from PT 67 by 
2-4 bands. 

Twenty-one PTs included more than one isolate 
(Figure 1). Thirteen of these were only found in one 
county. Sixteen PTs included isolates belonging to differ- 
ent serogroups (Figure 1). Isolates from sheep (n = 140), 
cattle (n = 34) and goats (n = 3) were divided in to 52, 29 
and 3 PTs, respectively. Twenty-six (18.6%) isolates from 
sheep and 10 (29.4%) isolates from cattle belonged to 7 
PTs common to both species (Figure 1). The PTs of the 3 
isolates from goats were all common to PTs from sheep. 



The 4 Danish isolates were assigned to different PTs. 
The 2 serogroup A isolates belonged to PTs that differed 
from PT 67 by 2 bands (Figure 2). The 2 serogroup E iso- 
lates belonged to PTs that differed from PT 67 by 4 bands. 

From 6 of the 10 farms from where isolates had been 
collected on 2-3 occasions, isolates from all samplings 
belonged to the same PT. 

The 3 virulent, non-serogroup A isolates assigned to 
PT 67 were from 3 farms where a virulent, serogroup A 
isolate, belonging to PT 67 had also been cultured. It is 
possible that this represent cases of serogroup conversion. 
From one of the farms, a virulent, serogroup A isolate, a 
virulent, serogroup G isolate and a benign, serogroup G 
isolate were available for investigation. The 2 virulent 
isolates were identical (PT 67) while the benign isolate dif- 
fered (Figure 3). No benign isolates were available from 
the 2 other farms. 

PGR for pgr 

Results from the pgr PGR are presented in Table 3. The 
PgrA variant was detected in 53 of the 54 virulent, 
serogroup A isolates and in 5 of the 7 virulent, non- 
serogroup A isolates. Five per cent of the isolates were 
negative for both pgrA and pgrB, with no other common 
features than being benign. The association between viru- 
lence, as defined by the GG-test, and pgr variant was 
statistically significant. 

With only one exception, isolates within a PT had the 
same pgr variant (Figure 1). Three virulent isolates were 
/7^r5-positive. They belonged to serogroup A (n = 1) or 
H (n = 2) and differed in pulsotype from PT 67 by 2 and 
4 bands, respectively. 

In the farm with a possible case of serogroup conver- 
sion, the 2 virulent isolates belonging to serogroup A 
and G both had the pgrA variant, while the benign ser- 
ogroup G isolate had the pgrB variant. 

The 4 virulent Danish isolates were all jf^^M -positive. 

Discussion 

This study shows that the D, nodosus population in 
Norway, as a whole, is genetically diverse, but that iso- 
lates defined as virulent by the GG-test, belonging to 
serogroup A are genetically similar. It provides evidence 
that the outbreak of ovine footrot discovered in 2008, 
was caused by spread of one virulent strain of D, nodosus 
in the county of Rogaland. 

All the Norwegian virulent isolates included in this 
study clustered together in a clonal manner in the dendro- 
gram. Fifty-three of the 54 virulent, serogroup A isolates 
are likely to represent the outbreak strain or subtypes of 
this. Thirty-seven of these 53 isolates belonged to one pul- 
sotype (PT 67), while the remaining 16 isolates belonged 
to 3 PTs that differed from PT 67 by 3 bands or less. The 
degree of similarity between these 4 PTs indicates that the 
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Figure 1 Dendrogram of Dichelobacter nodosus isolates from Norway analysed by Pulsed-field gel electrophoresis (PFGE), including 

one isolate from each pulsotype (PT). The assigned PT number and the total number of isolates assigned to each PT are indicated to the right, 

and for each PT the number of isolates from each species, number of farms from which they were collected, and the virulence, serogroup and 

proline-glycine repeat {pgr) variant of the isolates are listed. 
\ J 
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Table 2 The five pulsotypes (PT) to which the Norwegian, 
virulent, serogroup A Dichelobacter nodosus isolates 
belonged with respect to the band differences from PT 67, 
and the distribution of isolates with respect to the year 
of collection 



PT 


Band diff. 
from PT67 




No. of isolates 






Total (%) 


2008 


2009 


2010 


2011 


67 




37 (68.5) 


1 


12 


16 


8 


68 


1 


1 (1.9) 


0 


0 


1 


0 


69 


2 


1 (1.9) 


0 


0 


1 


0 


71 


2 


14 (25.9) 


0 


0 


10 


4 


74 


3 


1 (1.9) 


0 


0 


1 


0 





1 2 3 4. 5 6 7 



i 



436.5 
388.0 

339.5 

291.0 

242.5 
194.0 

145.5 



97.0 



48.5 



Figure 2 Pulsed-field gel electrophoresis (PFGE) of Apa\ 
restricted, virulent Dichelobacter nodosus isolates belonging to 
serogroup A from Norway and Denmark. Lanes: 1 and 7, lambda 
ladder molecular size marker; 6, D. nodosus ATCC® 27521 reference 
strain; 2 and 5, isolates from Denmark; 3-4, isolates from Norway. 
Numbers to the right indicate molecular size (kilobases). 




^ 436.5 
^ 388.0' 

^ 339.5 
*- 291.0 

^ 242.5 
^ 194.0 

^ 145.5 



97.0 



^48.5 



Figure 3 Pulsed-field gel electrophoresis (PFGE) of three Apa\ 
restricted Dichelobacter nodosus isolates from one farm 
indicating a possible case of serogroup conversion. Lanes: 4, 
lambda ladder molecular size marker; 1, virulent, serogroup A isolate; 
2, virulent, serogroup C isolates; 3, benign, serogroup C isolate. 
Numbers to the right indicate molecular size (kilobases). 



isolates are closely related, genetically [19]. Although there 
is no exact documentation of an epidemiological link be- 
tween all the isolates, they were all from one county with 
a high density of sheep farms. The combination of the 
epidemiological data and the phenotypic and genotypic 
similarites between these isolates in terms of virulence, 
serogroup, PT and pgr variant, strengthens the assumption 
that they are, indeed, genetically related. Isolates belonging 
to PT 67 were collected over all 4 years. The remaining 3 
PTs were observed in isolates collected in 2010 or 2011. 
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Table 3 Distribution of pgr variant among virulent and 



benign isolates of Dichelobacter nodosus from Norway 





pgrA (%) 


pgrB (%) 


pgrAlpgrB negative (%) 


Virulent isolates 


58 (95.1) 


3 (4.9) 


O(-) 


Benign isolates 


8 (6.9) 


99 (85.3) 


9 (7.8) 


Total 


66 (37.3) 


102 (57.6) 


9(5.1) 



They may represent variants of PT 67 that have under- 
gone a genetic event, which can occur over time. One of 
the virulent, serogroup A isolates (PT 69) differed only by 
2 bands from PT 67, but had the pgrB variant. This could 
be a case of a genetic event involving the pgr region, or it 
may represent a strain not related to the outbreak strain. 

Four of the virulent, non-serogroup A isolates differed 
from PT 67 by 3-4 bands and 2 isolates contained a dif- 
ferent pgr variant. We believe that these isolates are not 
genetically related to the outbreak strain. Rather, they 
may represent virulent strains that were also imported, 
but did not spread to the same degree. This may be the 
result of epidemiological circumstances or strain differ- 
ences in their ability to survive, spread and cause disease 
under Norwegian conditions. 

Three possible cases of serogroup conversion were 
identified. Virulent, non-serogroup A isolates that were 
indistinguishable from PT 67 were found in 3 farms where 
virulent, serogroup A isolates were also found. From one 
of the farms a benign, serogroup C isolate, a virulent, ser- 
ogroup C isolate and a virulent, serogroup A isolate were 
analysed. The 2 virulent isolates were indistinguishable by 
PFGE. We hypothesise that the benign, serogroup C iso- 
late was the source of a new fimK gene to a virulent iso- 
late, but this requires further investigations. Kennan et al 
[20] demonstrated in vitro that serogroup conversion can 
occur in D, nodosus by natural transformation. It is likely 
that this can also happen under natural conditions. Ser- 
ogroup conversion may also have occurred on the farms 
with benign isolates of different serogroups belonging to 
indistinguishable PTs. 

The limited geographical spread of the virulent D, nodosus 
isolates is probably due to the national elimination programme 
and control measures initiated immediately after the outbreal< 
in 2008 [8]. A general ban on movement of small rumi- 
nants between counties, which has been enforced since the 
1970s to control maedi-visna and scrapie infection in 
Norway, is also likely to have contributed. 

Results indicate that benign D, nodosus are endemic in 
Norway, and are likely to have been so for a long period 
of time. These isolates showed considerable genetic di- 
versity and were from sheep, cattle and goats with gener- 
ally mild disease [6,7]. Although the benign isolates were 
from 12 of the 19 Norwegian counties, most of them were 
from Rogaland County. This reflects the relatively few 
samples from outside Rogaland submitted to our 



laboratory for culturing of D. nodosus. The limited num- 
ber of isolates from some counties may also be the reason 
why certain PTs were only found in one county. 

Before the outbreak in 2008, the last registered case of 
ovine footrot in Norway was in 1948 [21]. The restricted 
movement of animals across counties for the last 40 years 
means that it is unlikely that the benign strains have 
spread through trade of live sheep during this period. 
They must have spread within the sheep population a long 
time ago, or other routes of transmission exist. Cattle are 
possible carriers as they are not subject to movement re- 
strictions similar to sheep. In Norway co-grazing of cattle 
and sheep is practiced, and studies have shown that cross- 
infection between sheep and cattle may occur [16,22,23]. 

The correlation between pgr variant and the virulence 
of the D, nodosus isolates, as defined by the GG -test, is 
in agreement with previous findings [12,14]. Our results 
also strengthen previous suggestions that the pgrA gene 
may be associated with virulence in D, nodosus by coding 
for a protein possibly involved in adhesion to extracelluar 
matrix [14,24]. Nine isolates were negative for both pgrA 
and PgrB, which could indicate that other variants of the 
pgr gene exist. 

Two of the Danish D, nodosus isolates differed by only 2 
bands from the main Norwegian outbreak strain (PT 67). 
A few sheep imports from Denmark were registered in 
the years prior to 2008, and included imports to Rogaland 
County (not published). Sheep imported from Denmark 
could be the source of the new virulent D, nodosus strain, 
and hence the Norwegian outbreak. However, none of the 
isolates included in the study were from farms with 
known export to Norway, and without an epidemiological 
link it cannot be concluded. 

Conclusions 

Genotyping by PFGE shows that the virulent, serogroup 
A isolates from Rogaland County are genetically similar. 
This confirms that introduction and local spread of one 
D, nodosus strain caused the outbreak of ovine footrot in 
Norway in 2008. The fact that this virulent strain has 
had limited geographical spread increases the likelihood 
that the outbreak can be controlled and that this strain 
can be eradicated from Norway. 
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